The uptake of enflurane and of isoflurane were studied in forty patients during anaesthesia with nitrous oxide using either spontaneous or controlled ventilation. A Douglas bag method was used in combination with low fresh gas flows to a circle system and constant end-tidal anaesthetic concentration. The mean enflurane uptake rates were between 24 and 14 ml. 70 kg-I.min-I between 10 and 60 minutes. Corresponding isoflurane uptake rates were between 15 and 8 ml. 70 kg-I .min-1 . The initial uptake rates were lower than expected from "the square root of time concept". During spontaneous ventilation, the anaesthetic uptake rates were similar or even higher than corresponding rates during controlled ventilation in spite of lower minute ventilation volumes.
concentration is constant, during spontaneous ventilation. 12, 13 Modern anaesthetic gas analysers permit continuous monitoring of end-tidal concentrations of anaesthetic gases. Almost independently of the breathing system used, it is possible to keep the end-tidal concentration at a desired level. Theoretically, this servo-control of end-tidal concentration eliminates the effect of ventilation on anaesthetic uptake. 14 The aim of this investigation was to study the uptake rates of enflurane and isoflurane during spontaneous and controlled ventilation during constant end-tidal anaesthetic concentrations.
PATIENTS AND METHODS
In order to minimize influence of gas losses through the surgical wound, knee arthroscopy patients with an ASA classification I or 11 were selected for the study. Forty patients were randomized after informed consent to one of four groups (Table I) .
A circle absorber system (Monosorb, Siemens-Elema, Solna, Sweden) with a graded standing bellows was used. A mixing box was inserted upstream from the absorption canister. The total volume of the circle system was 4.5 litres.
Inspiratory oxygen and nitrous oxide and endtidal carbon dioxide concentrations were measured between the Y-piece and the endotracheal tube with a sampling analyser (Multi cap, Datex Instrumentarium OY, Helsinki, Finland). End- Sampling gas from the gas analysers was returned to the circle system after a uni-directional valve prior to the absorption canister.
Excess gas was collected every ten minutes in a noncompliant mylar plastic bag connected to the excess valve. The gas pressure in the bag was measured during the collection period. When the pressure had increased from -0.2 to 1.5 cm H 2 0, the bag contained a volume of 660 ml of gas (ATPS at 22°C). The excess gas flow could thereby be calculated. The gas contained in the plastic bag was then analysed with the Multicap and the Normac for gas concentration.
Knowing the gas flows entering the circle system and leaving the system through the excess valve, one can calulate the patient gas uptake rates assuming constant anaesthetic concentrations in the circle system. The maximal change in circle system concentrations of enflurane and isoflurane was 0.2 vol% per ten minutes. Therefore, the calculation of patient uptake rate was simplified to VAn = VfgAn-VexcAn: i.e., the patient anaesthetic gas uptake (VAn) equals anaesthetic fresh gas flow (V fgAn) minus anaesthetic excess gas flow (VexcAn) per minute. All volumes are corrected to STPD. Room temperature was 21-23°C during the entire investigation.
System check and calibrations
The circle system was tested for leaks before and after each anaesthetic. In all cases, the leak was found to be less than 50 mllmin at a pressure of 30 cm H 2 0.
Two vaporizers, one for enflurane and one for isoflurane, were used during the entire study. These vaporizers were calibrated using the different fresh gas flows, oxygen-nitrous oxide mixtures, and dial settings employed in the study.
The oxygen and nitrous oxide flowmeters were calibrated with a Calibration Analyzer RT-200 (Timeter International Inc., Lancaster, PA 17601, U.S.A.). These flowmeters were also checked against filling times of the plastic bag used for the collection of excess gas. There was no detectable gas diffusion from the sampling bag during ten-minute observation periods. In repeated laboratory bench tests, the excess volume flow was measured employing different fresh gas flows, gas compositions and breathing frequencies. The maximal systematic error in mean was ±4% of the excess gas flow.
The Multicap analyser was calibrated before and after each studied patient with certified calibration gas containing 3.0% carbon dioxide, 31 % oxygen, 59% nitrous oxide and 7% nitrogen (AGA GAS AB, Stockholm, Sweden). The Multicap was also calibrated with 100% oxygen and 100% nitrous oxide. The anaesthetic agent monitor was calibrated according to the manufacturer's recommendations with calibration gas from Datex and AGA. The displayed readings from the Normac were within 0.05 vol% of the calibration gases delivered.
Anaesthesia
The patients were premedicated with intravenous midazolam 1.0 mg. Preoxygenation with ten litres per minute was used for about one minute. Anaesthesia was induced with thiopentone 4 to 5 mg per kilogram body weight. No atropine was used. The patients received succinylcholine 1.0 mg per kg for endotracheal intubation. Tracheal spray oflignocaine was used just before intubation. After intubation, the flows of fresh gas to the circle system were 1.5 litres of oxygen and 3.5 litres of nitrous oxide per minute for six minutes. The inhalation agent used was delivered by a conventional vaporizer outside the circuit to the end-tidal concentration desired. During the first six minutes after induction of anaesthesia, ventilation was controlled so that an end-tidal carbon dioxide concentration of 4.5% was obtained. Either enflurane or isoflurane was used with an end-tidal concentration maintained at 1.20 or 0.85%. The cuff pressures of the endotracheal tubes were kept between 20 and 30 cm H 2 0. After six minutes, spontaneous ventilation was resumed in two of the groups.
Six minutes after intubation, low-flow anaesthesia was started. The fresh gas flow of oxygen was set according to body weight. Patients with a body weight of less than 70 kg received 250 ml oxygen per minute. For patients weighing 70-100 kg, 350 ml 02/min was used, and 500 ml 02/ min was used for a body weight of more than 100 kg. The fresh gas flow of nitrous oxide was adjusted to maintain an inspired oxygen concentration of 30%, resulting in an inspired nitrous oxide concentration of 65 to 69%. If the bellows was sinking, the oxygen fresh gas flow was increased by 50 ml/min. Either enflurane or isoflurane was used with an end-tidal concentration maintained at 1.20 or 0.85% respectively. If the anaesthetic depth needed to be increased during the course of anaesthesia, thiopentone 50 mg was given intravenously. With the exception of succinylcholine for endotracheal intubation, no muscle relaxant was used.
Statistics
Results are expressed as means±SD. Differences between groups at any given time were analysed with one-way analysis of variance (ANOY A) and Fisher's PLSD test. Statistical significance was assumed for values of P < 0.05.
The study was approved by the Ethics Committee of University of Gbteborg.
RESULTS
The patients had a mean age of 36 years, a mean length of 177 cm, and a mean weight of78 kg. There were 29 men and 11 women. Additional doses of thiopentone were given to two to four patients in each group due to coughing or movement of extremities.
The anaesthetic uptake rates were normalized by weight to 70 kilograms. There were no statistically significant differences in uptake between spontaneous and controlled ventilation, regardless of vaporized agent used. At 10 minutes, the mean enflurane uptake was 22 and 24 ml. 70 kg-1.min-1 in Group ES and Group EC, respectively (Figure 1) . At 30 minutes corresponding uptake rates were 18 and 16 ml. 70 kg-1.min-1 . The isoflurane uptake at 10 minutes was 15 and 11 ml. 70 kg-1.min-1 in Group IS and IC, respectively (Figure 2 ). From 20 to 60 minutes, the isoflurane uptake rate was relatively stable, about 9 ml. 70 kg-1.min-1 in both groups. In Figures 1 and 2 , the uptake rates in this study are compared with the ones expected f~om the square root of time model. 2 The mean time for start of surgery was between 20 and 25 minutes in all the groups.
The mean expiratory ventilation volumes at 10 minutes were 1.5 and 5.8 litres.70 kg-1.min-1 in Groups ES and EC, and 2.2 and 5.2 litres.70 kg-I. min-1 in Groups IS and IC, respectively. At 30 minutes the mean expiratory ventilation volumes were 4.0, 5.5, 5.8 and 5.4 litres.70 kg-1.min-1 in Groups ES, EC, IS and IC, respectively.
DISCUSSION
Anaesthetic uptake is usually expressed by the ratio of alveolar to inspired anaesthetic concentration (FA/FI),3,15-17 This ratio gives wash-in curves with the relative uptake rates when comparing different anaesthetic gases. For quantitative estimations of uptake rates, other methods must be used. Fick's equation (UL = Q(Ca-Cv) i.e. uptake from lungs equals cardiac output multiplied by the arterio-venous content difference) has been used in the study of isoflurane uptake rates. 1S Analogous to oxygen uptake measurements, non-rebreathing systems employing inspired and expired volumes 19 and closed circuit techniques 20 have been used for estimations of anaesthetic uptake. A recurrent finding is large intra-and interindividual variations in uptake rates of vaporized agents. 21 ,22 The current view is based on the uptake rates of nitrous oxide found by Severinghaus (V N20 = 1000. t-0 . 5 ) with the assumption that the inverse relationship between uptake and square root of time is also applicable to other gases and vapours. The quantitative calculations of the respective uptake rates are based on the blood/gas partition coefficient and the alveolar concentration used. 2 Models for anaesthetic uptake are based on some assumptions such as alveolar concentration equals arterial concentration, there is no metabolism or diffusion of the gas used, the partition coefficient remains constant independently of concentration and that cardiac output does not depend on the concentration used. In the present study, the anaesthetic uptake rates of the square root of time concept could not be confirmed. Thus, if unit doses according to Lowe's formula were to be injected in a closed circuit system, the amount of liquid anaesthetic would not correspond to the patient's uptake rate. In the groups with spontaneous ventilation, the uptake rates of enflurane and isoflurane were lower than anticipated during the first twenty minutes. With controlled ventilation, the anaesthetic uptake tended to be even lower and did not reach the anticipated uptake rates until after about 45 minutes.
In another investigation using the Fick method, 18 the isoflurane uptake rate decreased only 10% between 30 and 60 minutes. In a study on enflurane uptake using controlled ventilation with a closed circuit and a constant end-tidal concentration of 2.0%, Westenskow et al. 21 found mean uptake rates similar to ours if the differences in end-tidal concentration (2.0 vs 1.20%) and body size (1.22 vs l.94 m 2 ) are taken into account.
Our study supported the theoretical assumption that a constant end-tidal concentration of enflurane or isoflurane eliminates the effect of different minute ventilation volumes on uptake. 14 In conclusion, the initial uptake rates of enflurane and isoflurane were lower than expected from the square root of time concept. There were no significant differences in anaesthetic uptake rates between spontaneous and controlled ventilation in spite of lower minute ventilation volumes during spontaneous ventilation.
